Abstract
The bond stress x slipping relationship
Introduction
The bond stress can be defined as being the strength of the adhesion between two bonded surfaces, being in this case the relationship between the strength of the reinforced concrete and the surface of the reinforced bond applied to the concrete. At first sight, this relationship seems quite simple to understand even though several factors can interfere in its quantification, being that these factors have a direct influence on the behaviour of the bond, in such aspects as the concrete compressive strength, the concrete cover, the rebar diameter and others [1] . This mechanism allows the materials to be deformed jointly and, as a consequence, allows the transference of the strength from one to the other, that is to say, whenever the stress in the bar varies, be it due to compression or tension, and supposing that the bond stress is carried out along the bar, there will be transfer of forces between the bar and the concrete. In fact, that bond is composed of several portions, which went through different phenomena that intervene in the steel-concrete connection [2, 3] : a) Chemical adhesion: It is the physical-chemical connection that
arises from the interface of reinforced concrete during the reactions of the hydration of the cement. In other words, it is the action that comes from the adhesion or capillary forces. b) Attrition: The attrition strength shows itself after the adhesion has been broken. c) Mechanical: It is the mechanical interaction between the steel reinforcement and the concrete, due to the presence of ribs on the surface of the bar; being that those ribs act as support pieces, by mobilizing the compression tensions in the concrete. The mechanical bond is the most effective and reliable connection, since it contributes in a vital way to the solidification of the two materials. Therefore, the behaviour of the reinforced concrete depends on the steel-concrete bond, and the strength capacity of these elements is directly related with the bond since the bond stress varies in magnitude along with the length of the reinforcing bar. This large variation of the bond stress is originated by cracks. Several parameters concerning to the structural design depend on the bond, for example: the anchorage length, the lap splices, to stiffen the tension between cracks, cracking control, and minimum reinforcement ratio [2, 4, 5, 6 ].
In the case of the smooth bars, wherein rupture caused by slipping occurs, the bond is mainly carried out by using the chemical adhesion between the cement paste and the rebar. When that connection is broken, the strength that leads to the slipping appears due to friction, being that its intensity depends on the type of the surface of the bar. In those bars, the mechanical bond between the concrete and the steel happens through the irregularities that exist on the surface of the bars. Therefore, the force capable of breaking the bond is proportional to the size of the area of the bar in contact with the concrete as regards the adhesion. In what to the other bars (rib bars) is concerned, the resistance to slipping is mainly derived from the strength that the ribs offer to the pressures exercised on the concrete, that is to say, from the mechanical action between the concrete and the ribs. The effect of the chemical adhesion, in that case, is small and the friction does not happen until a displacement of the reinforced steel happens [2, 3] . In the case of the rib bars, the strength of tension applied on them is transferred to the concrete by the ribs. The radial components of the forces of the ribs, which spread along the concrete in a way perpendicular to the axis of the bar, increase with the bond stress, which can be regarded as a longitudinal component that results from the force exercised by the ribs in the concrete. The resulting force forms an angle in relation to the axis of the bar (see Figure 1 and 2). The radial component of the force exercised in the concrete generates an internal pressure that will induce traction tensions, in the form of rings, that cause bursting cracks along the anchored bar. When the rings are loaded to the point of rupture, longitudinal cracks appear. [3, 4] As longitudinal cracks appear, they increase the displacements between the bar and the concrete and the bond stress is transferred all along the anchorage length of the areas where the cracks appear. The radial components of the strength of the bond induce a sort of load and when those loads are filled until its maximum capacity, they break suddenly [4] . In this context, the anchorage strength is limited by the smallest value of either the main tension stress or the main compression stress, being that the bond failure is connected with these stresses. The transfer of stress between the steel and the concrete happens mainly due to the action of the ribs of the bar, between its protuberances, that are present in the concrete. The crush of concrete in the areas surrounding one of these ribs 
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does not affect the bar anchorage, since the stress applied on that specific salience is transferred to others ribs. Therefore, there are two failure situations concerning to the bond: the micro-failure, which is a confined failure of the bond that does not affect the anchorage, and the macro-failure, which is formed after the occurrence of several micro-failures. The second type of failure does not allow a new stress distribution, and, as a consequence, the bar anchorage is no longer effective [2] . Therefore, the bond failure on deformed bars happens due to one the following situations: crush of the concrete in areas around the ribs, shear of the concrete surrounding the bar, or, more frequently, one longitudinal chipping of the concrete cover, being also possible a combination of these three situations. In this context, the bond can be ideally described as being a shearing stress between the surface of reinforced concrete and the concrete that surrounds it. That mechanism is determined by means of the relative displacement between the reinforced concrete and the concrete. The researches about the bond stress are usually made by taking in consideration the relationship between the bond stress ( ) (x t ) and the slipping ( ) (x s ) of the steel bar in pull out specimens.
The first one is identified by the shearing stress between the bar and the surrounding concrete, and the second one by the relative displacement between the bar and the concrete [2, [7] [8] [9] [10] [11] . The concrete strength is one of the main parameters that influence the anchorage length and the transfer of the tensions concentrated on the ribs of the bar. Other factors that have influence in the bond stress are: the surface of the bars, namely its roughness and/or irregularities (increase the bond); the diameter of the bars (an increase in the diameter of the bar reduces the maximum bond stress); the type and arrangement of the ribs in the reinforcement [1, 2, 5] . This research studies the bond stress and the slipping of steel bars by using pull out specimens. It makes use of five different concrete strengths, with the estimated strengths of: 20, 40, 60, 80 and 100 MPa, and rib bars with two different diameters, 16.0 and 20.0 mm. The significance of this research has to do with the aim of investigating the applicability of the CEB stipulations and some other formulations in order to achieve prospects concerning to the bond between concrete and steel bars, relating to Brazilian materials and taking in consideration the differences between the building materials. It has also the purpose of analyzing adjustments that may give a precious contribution to the important researches that are being made on this subject.
Bond Stress vs. Slipping ((s (x) x s(x))
The bond stress models have caught and attracted the attention of many researchers since the 19 th century. In the following subtopics are summarized some numeric models that are investigated in this paper.
CEB-FIP Model [7,8]
The bond stress ( Figure 3 and Table 1 ) can be calculated as: The bond stress x slipping relationship (2)
Huang et al (1996) [12, 13]
In Table 2 , HUANG et al. (1996a) and (1996b) have proposed this change in the CEB model.
Barbosa [2]
In order to obtain an equation that represents the results related to the medium and maximum bond stress according to the concrete strength and the diameter of the bar, for Brazilian materials, the bond stress can be calculated as: For compression strength of concrete ≤ 50 MPa: 
Experimental procedure
The phenomenon of the bond, concerning the fundamental parameters with regard to the behavior of concrete, was the target of the development of an experimental program, allowing that an analysis with the models previously presented could be made. The concrete had different strengths, in this case an estimated strength of: 20, 40, 60, 80 and 100 MPa as well as reinforced steel with the diameters of: 16.0 and 20.0 mm. The tests were conducted when the concrete mixture had 90 days. The pull out test was adopted because it is the most traditional of the bond tests and it consists on the extraction of a bar, usually located in the center of a specimen test in a cubic of concrete. This method allowed to calculate, according to RILEM [14] , the values of the medium and maximum bond stress for each bar diameter used in concrete with different strengths and to compare them with the values given by some norms, as well as to obtain the characteristic curves of bond stress x slipping. Figure 4 shows the test apparatus and a fractured specimen. All procedures were performed in accordance with the RILEM recommendations.
In relation to the medium bond stress (t m ) (average of the stress) calculations have been made according to Equation (13) 
Materials
Concrete: On Table 3 it can be seen the mix proportions of concrete, while Tables 4 and 5 show the characterization of the Portland cement and the aggregates that were used in the concrete mixture. Table 6 shows the strength obtained by the cylinder compression tests that were carried out in accordance with the Brazilian stan- 
Figure 4 -Test apparatus and fractured specimen
The bond stress x slipping relationship dards. The plasticized was RX 322N and super-plasticized was RX 4000 from REAX. Reinforced (steel bar): The CEB 151, (1982), stipulations confer to the rib an angle between 55° and 65° being that some authors give it the value of 55°. In the case of the Brazilian steels, with nominal diameters of 16.0 and 20.0 mm, it was verified that this angle is, respectively, 46° and 45° ( Figure 5 ) and Table 7 .
Experimental procedures
Tests were conducted on concrete with all of the diameters of reinforcement and on concrete with all of the different strength according to the pull out test. Subsequently, nine specimen tests were made for each diameter and compression strength of the concrete, being the tests evaluated after 90 days. The average results obtained by the pull out test can be seen on tables 8 and 9. The bond strength is obtained through the pull out test (a 200 mm wide cube), with concretes of different theoretical strengths: 20, 40, 60, 80 and 100 MPa; and steel with the diameters of 16.0 and 20.0 mm. Figures 6 and 7 show the experimental and analytical results relating to the bond between concrete and steel bar, reported in this paper, allowing to analyze and realize that: 1) If the bar diameter increases, the bond stress increases. This result is, therefore, the opposite of the results presented in some researches [15 -18] . These researches usually state that the thickness of the transition zone in the bars with bigger diameter along with the higher dimensions of the ribs (longitudinal and transversal) tend to " hold " more water in the bottom face of the bar, thus causing exudation and the weakening of the internal connection. This behavior is directly related with the concrete density and not with the thickness of the transition zone;
2) The experimental results have shown that both CEB and Huang et al models for assessing bond stress of both regular strength concrete and high strength concrete are not suitable for Brazilian materials. They have also shown that the research developed by Barbosa is adequate, as seen in Figures  6 and 7. 
Conclusions
A review of the bond between concrete and steel bars has been conducted. Experimental results reached from pull out test with Brazilian steel concerning to the behavior of the bond were used to be compared with some other results of some theoretical models found in literature.
The study of the bond between the reinforcement and the concrete is not easy. The behavior of the components of reinforced concrete is affected by the slipping of the steel bars inserted in the concrete matrix. A tension stiffening effect and crack evolution occurs since the beginning of slipping; thus, the assessment of those phenomena requires the introduction of a bond-slip interaction model. This paper introduces some numeric models and an approach to the slip phenomenon affecting the structural behavior of Brazilian materials. The results obtained can be considered reliable in view of the fact that they were obtained from the experimental results as well as other authors. The bond stress x slipping relationship 
